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1 Introduction

1.1 Motivation

Most practical wall-bounded turbulent flows of interest, like flows over turbine blades, through
heat exchangers, and over aircraft and ship hulls, are influenced by surface-roughness effects. In
some applications, surface defects can be small on an absolute scale but can still be aerodynam-
ically important if they are large relative to the viscous length scale of the turbulence (at high
Reynolds number (Re), for example). In many other cases, however, the surface conditions in prac-
tical wall-bounded flows can degrade over time, from hydraulically smooth prior to deployment to
significantly roughened over time due to harsh operating conditions. Examples of such conditions
include cumulative damage to turbine blades (Bons, 2002), cumulative algae/barnacle buildup on
the surfaces of submarines and ships (Karlsson, 1980) and surface erosion observed on the blades
of windmills operating near the sea. In most cases surface roughness significantly increases the
wall shear stress and can augment heat and mass transfer at the wall, resulting in an increase in
the thermal loading of a system. This latter effect can severely reduce the lifetime of vital parts
of many practical engineering systems (like turbine blades). Therefore, a clear understanding of
the impact of surface roughness on wall-bounded turbulent flow is imperative for successful modeling
and control of these flows to improve both the efficiency and lifetime of a variety of vital engineering
systems.

Rough-wall turbulence has received intense research attention over the last several decades.
The review articles of Raupach et al. (1991) and Jimenez (2004), for example, provide thorough
summaries of the knowledge gleaned from this research. Unfortunately, nearly all of these studies
involved the use of only one roughness scale (sand grain, ordered arrays of elements, wire mesh,
etc.) to study the impact of non-ideal surface conditions on wall-bounded turbulence (such idealized
roughness conditions will be hereon referred to as “simulated roughness”). However, in the case
of turbine blades, surface defects are attributable to multiple damage mechanisms, like deposition
of foreign materials, pitting and spallation, that render the surface conditions highly non-uniform
(Bons, 2002). As such, a single roughness type and scale cannot be expected to be a sufficient
representation of real roughness. Therefore, successful modeling and control of practical engineering
flows, both before operation and throughout the lifetime of a flow system, requires documentation
of the influence of roughened surfaces, particularly highly-irreqular roughness, on the underlying
character of the flow. The present effort is meant to contribute in this regard.

-~ 20080516057



1.2 Background
1.2.1 Classical rough-wall boundary layer theory

One of the most well-known effects of surface roughness on wall turbulence is to shift the logarithmic
region of the mean velocity profile downwards by an amount of AU, the roughness function, and to
shift the origin of the mean profile by some distance y,*. The superscript “+” denotes normalization
by the friction velocity, u, = /7y /p and the kinematic viscosity of the fluid, v (7, is the wall shear
stress and p is the fluid density). Therefore, the mean velocity profile in the overlap region can be
expressed as

1
U+=Eln(y——yo)++A—AU+, (1)

where k and A are the von Karman and integration constants, respectively. Note that upper-case
variables will represent mean quantities while primed quantities, (-)’, will represent fluctuations
about the mean throughout. By assuming a universal log-region velocity defect of

US -U" = f(6"Uh/ur), (2)

where U, is the freestream velocity and ¢* is the displacement thickness, Hama (1954) found that
the roughness function is directly related to the local skin-friction coefficient, ¢; = 7,/ (% pU2), over

smooth and rough walls as
2 2
AU+:< -) _( _) . 3)
Cf / smooth cs rough

However, the notion of a universal velocity defect law for arbitrary roughness has been questioned
by several recent studies (Shafi & Antonia, 1997; Krogstad & Antonia, 1999; Keirsbulck et al., 2002;
Tachie et al., 2000, 2003; Poggi et al., 2003; Bhaganagar et al., 2004).

A fundamentally-important issue in rough-wall turbulence is accurate determination of the wall
shear stress (or equivalently the friction velocity, u,). Direct measurement of 7, over rough surfaces
is quite difficult and can be very inaccurate, so various indirect measures of u, from the measured
mean velocity or Reynolds shear stress profiles have been proposed in the literature. These methods
include the modified “Clauser chart” method, the velocity profile matching method by Krogstad
et al. (1992) and the constant stress method. The modified Clauser chart method involves fitting
the measured mean velocity profile in the logarithmic layer to Eq. (1) which yields estimates of u,,
Yo and AU™. In contrast, the profile matching method of Krogstad et al. (1992) fits the measured
mean velocity profile to both the log law [Eq.. (1)] as well as a wake function near the boundary-
layer edge as a means of inferring u,, yo and AU*. Alternatively, one can assess u, independently
from the measured Reynolds shear stress, (u'v'), profiles. This method relies upon the existence
of nearly constant (u’v') at the outer edge of the log layer. If one considers the mean momentum
equation for a turbulent boundary layer given by

out ou* a(utv't) 92Ut

Y = ,
u ozt + ay+ e oyt y*2’

(4)

and invokes standard boundary-layer approximations, one observes that the first two terms on
the left-hand-side of Eq. (4) are small compared to the Reynolds stress and viscous terms in the

“Throughout this report, =, y and z will refer to the streamwise, wall-normal and spanwise directions, respectively,
while u. v and w will represent the velocity components in these directions.



near-wall region. Therefore, close to the wall the mean momentum equation reduces to a balance
between the net turbulent and viscous forces as

outv*) o*U*
oy - Oy*+?’

(5)

Applying the boundary condition OU* /8yt |,—o = 1, the above equation can be integrated with
respect to y to obtain

ou+
—(u*™*) + e ks (6)
or in dimensional form U
w2 =v— — (u'). (7)

Jy

In the log layer and beyond, the viscous stress [first term on the right-hand-side of Eq. (7)] is now
negligible compared to turbulent stress (second term), meaning one can use the measured Reynolds
shear stress to estimate u,. Smalley et al. (2001) observed that over most surfaces at relatively
high Re, a plateau of Reynolds stress exists at y/§ ~ 0.2. This method has been extensively used
in rough-wall boundary layer studies (Mulhearn & Finnigan, 1978; Raupach et al., 1980; Raupach,
1981; Raupach et al., 1986; Weber, 1999, for example). Once u., is assessed in this manner, y, and
AU can be determined by fitting the measured mean velocity profile in the log layer to Eq. (1).

Nikuradse (1933) performed the first in-depth studies of rough-wall flow by uniformly gluing
sand grains to the inner surface of a circular pipe. The grains were carefully filtered to maximize
the size uniformity of the sand grains. Nikuradse (1933) found that the mean velocity profile in
the log layer was given by

Ut = %ln(y/ks) +85, (8)

where kg is termed the equivalent sand-grain roughness height (in the case of Nikuradse’s exper-
iments, it simply represents the mean size of the sand grains). Comparing Eqs. (8) and (1), the
sand-grain size, kg, can be directly related to the roughness function, AU*, as

A = % In(k})+ A —85. (9)

This relationship between AU* and k; is important because it allows one to relate the effects of
non-sand-grain roughness with roughness height k to the original experiments of Nikuradse (1933)
through an equivalent sand grain height ks. That is, ks is the equivalent sand-grain height that
yields the same AU™* as a non-sand-grain roughness with height k.

If ks is proportional to k (as is the case for most rough surfaces), then the roughness of interest
is termed “k-type”. In this context, the roughness function can be expressed as a function of the
roughness Reynolds number, k* = ku, /v, as

AlFt= éln(k’L) +C, (10)

where C' is a roughness-dependent constant. If, however, ks is not proportional to k but rather to
the outer length scale of the flow (like the pipe diameter d or the boundary-layer thickness d), the
roughness is termed “d-type”. In such cases, AU* can be expressed as

AU+ = iln(d’L) +G, (11)

where the additive constant G depends on the character of the roughness. The distinction between
“k-type” and “d-type” roughness was first made by Perry et al. (1969). Finally, while k* (or k})



represents a measure of the roughness height relative to the viscous length scale, the blockage ratio,
0/k (where ¢ is the outer length scale of the flow), represents a measure of the direct effects of
surface roughness on the log and outer layers of the flow as proposed by Jimenez (2004).

Finally, flow over a given surface is generally classified into three regimes with regard to rough-
ness effects: hydraulically smooth, transitionally rough and fully rough. It is generally accepted
that a surface is hydrodynamically smooth if k} < 4 — 5. In such cases, the roughness is entirely
submerged in the viscous sublayer and the roughness function effectively vanishes. However, Brad-
shaw (2000) recently argued that the drag on the surfaces of sparse roughness elements is actually
proportional to k?, meaning that a “critical roughness height” is not likely to exist. The flow is
termed transitionally rough in the range 5 < k} < 60 — 70. In this flow regime, the roughness
function is found to be strongly dependent on the roughness character. Finally, for k} > 70, the
flow regime is referred to as fully rough and the roughness function is assumed to be universal. In
this regime, the drag on the roughness elements is dominant compared with viscous contribution
to the skin friction.

1.2.2 Wall similarity

As noted earlier, there is intense debate regarding the existence of a universal velocity defect law
over arbitrary roughness. The possible existence of such a universal law is certainly consistent
with the Reynolds-number similarity hypothesis offered by Townsend (1976) which proposes that
turbulence far from the wall is unaffected by the surface conditions at high Re. In the context of
rough-wall turbulence, Raupach et al. (1991) summarized this hypothesis, also referred to as wall
similarity, as

“Outside the roughness (or viscous) sublayer, the turbulent motions in a boundary layer
at high Re are independent of the wall roughness and the viscosity, except for the role
of the wall in setting the velocity scale u,, the height Z = z — d and the boundary-layer
thickness §.”

The roughness sublayer is defined as a layer that is dynamically influenced by length scales associ-
ated with the roughness elements and occupies 3 — 5 roughness heights from the wall. Alternatively,
since u; = \/Tw/p, the wall-similarity hypothesis equivalently states that the roughness sets the
drag at the surface and the turbulence above the wall adjusts itself such that it remains universal
when scaled appropriately by u,.

The validity of wall similarity over arbitrary roughness is still an open question. Some studies
support this hypothesis while others directly question its validity. These studies have been per-
formed in various facilities (including wind or water tunnels, open channel flumes and turbulent
channels) and have considered a wide range of roughness types and scales in terms of both k*
and 6/k. A summary of these studies is given in tables 1 and 2 which detail the flow parameters
of studies that support and violate wall similarity, respectively. It should be noted that Jimenez
(2004) proposed §/k > 40 as a requirement for wall similarity to be valid. Motivation for defining a
threshold for wall similarity based on §/k comes from the fact that this ratio represents a measure
of the scale separation between the outer length scale of the flow and the characteristic length scale
of the roughness. That is, the larger the value of §/k the wider the physical separation between the
roughness sublayer and the outer-layer turbulence. Note that there still exists some debate regard-
ing whether the geometric scale of the roughness, k, or the equivalent sandgrain scale, ks, is more
representative of the extent of the roughness sublayer. In this regard, Flack et al. (2005) suggests
that §/ks > 40 is a more suitable threshold than d/k > 40 for the existence of wall similarity.



Table 1: Past studies that observe wall-similarity.

Studies Flow  Roughness kt kt o/k d/ks
Raupach (1981) BL Cylinder 337-427 - 19-129 -
Ligrani & Moffat (1986) BL Spheres 22-63 - - -
Bandyopadhyay & Watson (1988)  BL 2D grooves 15-18 = 60 =
Flack et al. (2005) BL Sandpaper 134 100 46.2 62.5
Woven mesh 64 138 97.2 45.5
Schultz & Flack (2003) BL Sandpaper 7.6-32 7-126 32.5-120 175-232
Schultz & Flack (2005) BL Spheres 35-182 - 30-34 —~
Grass (1971) BL Sand 21 21 24 24
Pebbles 85 = 6.5 =
Krogstad et al. (2005) TG 2D grooves 13.6-20.4 63-121 30 56
Bakken et al. (2005) TC 2D grooves 20-200 60-1560 30 6-10
Woven mesh 15-187 30-617 33 9-15
Allen et al. (2007) TP  honed surface 0.06-14.8 0.17-44.4 51500 17000

BL: Boundary Layer; TC: Turbulent Channel; TP: Turbulent Pipe

Studies that support wall-similarity

Grass (1971) performed roughness studies in an open water channel at Re = DUy/v = 7000,
where D is the channel depth and U, bulk (average) velocity. The surfaces considered included
marine plywood (hydraulically smooth), sandgrain (transitionally rough; k* = 21, D/k = 24)
and pebbles (fully rough; k* = 85, D/k = 6.5). Grass (1971) found that the streamwise and
wall-normal turbulence intensities, o, and ¢, are independent of roughness conditions when scaled
by u, for y/D > 0.2. However, immediately adjacent to the bed, o, decreased and o, increased
with increasing roughness height. Grass (1971) also observed extremely violent entrainment over
the rough surfaces with ejected fluid rising almost vertically from between the interstices of the
roughness elements. Raupach (1981) studied the effect of cylindrical roughness elements on the
Reynolds stress in turbulent boundary layers at Reg = U.8/v = 10,000 — 15,000, where 6 is
the momentum thickness of the boundary layer. The cylinders were arranged in either square or
diamond arrays with k* = 337 — 427 and §/k = 19 — 125. It was observed that the second and
third moments of the velocity fluctuations were universal for y > 0.156. Additionally, quadrant
analysis revealed that the fractional difference between stress contributions by sweeps and ejections,
Ag = Sap — S2,0, is independent of surface roughness for y > 0.26. Raupach (1981) determined the
friction velocity using the constant stress method.

Ligrani & Moffat (1986) studied structural characteristics of both transitionally and fully rough
turbulent boundary layers over uniform spherical roughness elements over the range 6300 < Reg <
19000 (k* = 22 — 63). It was observed that u, is the universal normalizing parameter in the outer
layer for 02 and ¢2, the turbulent kinetic energy, in the fully rough regime. However, the free-stream
velocity was found to be more appropriate for collapse of 02 and o2 when k* > 34. The local skin
friction coefficients were determined from the Reynolds shear stress profiles and mean velocities
in the near-wall region. Bandyopadhyay & Watson (1988) investigated turbulent boundary layers
over both k- and d-type two-dimensional transversely grooved rough surfaces at Rey = 2100 —2900.
It was observed that the ratio between the Reynolds shear stress and the turbulent kinetic energy
is nearly constant between 0.1 < y/d < 0.8 for all surfaces. The modified Clauser chart method
was used to obtain u, for flow over the rough walls.



Schultz & Flack (2003) performed measurements in a water tunnel for flow over sanded surfaces
for Reg = 3000 — 16000. They found that the mean velocity profiles collapsed well in defect form
for all surface conditions. In addition, the Reynolds normal and shear stress profiles normalized by
u, showed good agreement within their experimental uncertainties in the overlap and outer layers.
The skin-friction coefficients for the rough-wall experiments were determined from the modified
Clauser chart method and verified by the total stress method. Flack et al. (2005) pursued a
follow-up investigation in which they studied turbulent boundary layers over sandgrain and woven
mesh at Rey = 14120. They chose the roughness characteristics of both surfaces to simultaneously
satisfy k} > 100 (fully rough) and §/ks > 40 (presumably satisfying wall similarity). Reynolds
stress and quadrant analysis results over the rough walls collapsed on the smooth-wall results
for y > 3ks. Furthermore, differences of velocity triple products and higher moment turbulence
statistics between rough and smooth walls were only observed for y < 5ks. In this context, this
effort showed that k; may be a more appropriate measure of the relative roughness height in the
context of wall similarity.

Finally, Krogstad et al. (2005) investigated fully-developed turbulent channel flow wherein the
top and bottom walls were roughened by transverse square rods at Re, = u,d/v = 600. Wall
similarity was observed in the Reynolds stresses, stress ratios and the anisotropy tensor outside
the roughness sublayer (y > 5k) and the authors argued that wall similarity is highly dependent
on the flow of interest. Finally, Bakken et al. (2005) studied turbulent channel flows over both
two-dimensional (2D) rods and three-dimensional (3D) mesh for Re; = 360 — 6000. Reynolds
stresses and third-order moments were found to be unaffected by the surface conditions for y > 5k.
Satisfactory collapse with Re, was also demonstrated outside the roughness sublayer when u, was
used for normalization.

Studies that do not observe wall similarity

Krogstad et al. (1992) studied the outer-layer effects of wire-mesh roughness in a turbulent
boundary layer at Rey = 12800 with k* = 143 and 6/k = 48. The wake strength of the rough-wall
outer layer was found to be larger than for flow over a smooth wall. In addition, a significant increase
in the wall-normal turbulence intensity together with a moderate increase in the Reynolds shear
stress was observed over the roughness compared with flow over a smooth wall. In contrast, the
longitudinal turbulence intensities for both surfaces were essentially the same. However, quadrant
analysis revealed that Reynolds shear stress contributions from @2 and @4 events were enhanced
by the roughness. It should be noted that Krogstad et al. (1992) proposed a new method for
evaluating u, from the mean velocity that involves curve-fitting the wake portion of the profile. In
a follow-up study, Krogstad & Antonia (1999) investigated the effects of two types of roughness,
woven mesh and lateral rods, on a turbulent boundary layer for Rey = 4800 — 13000. The two
rough surfaces were designed to yield the same roughness function, AU™". It was observed that the
roughness effects on the Reynolds stresses were not confined to the wall region. In addition, the
turbulent energy production and diffusion were found to be significantly different between the two
roughness conditions.

Shafi & Antonia (1997) studied the spanwise and wall-normal vorticity fluctuations and their
constituent velocity derivative fluctuations in a turbulent boundary layer over a wire mesh surface
at Reg = 8000 with k* = 54 and §/k = 60. It was observed that over most of the outer layer, the
normalized magnitudes of the velocity derivative variances differed significantly from those over a
smooth wall. Furthermore, the vorticity variances were found to be slightly larger than those over a
smooth wall. Shafi & Antonia (1997) used the velocity profile matching method of Krogstad et al.
(1992) to determine u..



Table 2: Studies that do not observe wall similarity.

Studies Flow Roughness Type k* k; d/k 0/ks
Keirsbulck et al. (2002) BL 2D grooves 150 530 26.3 T:9
Krogstad & Antonia (1999) BL Woven mesh 143 458 48 15

2D grooves 143 458 47

Krogstad et al. (1992) BL Woven mesh 143 458 48 15
Shafi & Antonia (1997) BL Woven mesh 54 - 58.4 -
Tachie et al. (2003) BL Sand 33 33 31 31
Mesh 17 = 63 =

Tachie et al. (2000) BL Sand 25-35 25-35 21-29 21-29
Mesh 17-25 = 67-75 =

Bhaganagar et al. (2004) TC Egg carton 5.4-21.6 10-48 18.5-74 8-40
BL: Boundary Layer; TC: Turbulent Channel; TP: Turbulent

Tachie et al. (2000) investigated the effect of roughness on the structure of turbulent boundary
layers in open channels for Reg = 1400 — 4000. The roughness studied included a perforated
surface, sandgrain and woven mesh with k* = 17 — 35. They found that the wake parameter
varied significantly with the type of surface roughness. Additionally, the roughness increased the
turbulence levels in the outer region of the boundary layer. More recently, Tachie et al. (2003)
made measurements in a open channel over both sandgrain and woven mesh for Reg = 1900 — 2600
and k* = 17 — 33. The surface roughness was observed to increase the wake parameter and to
enhance the turbulence intensities, Reynolds shear stress and triple correlations over most of the
boundary layer. However, the stress anisotropy was found to be decreased by roughness. It should
be noted that both studies utilized the velocity profile matching method of Krogstad et al. (1992)
to determine u,.

Keirsbulck et al. (2002) studied the structure of a turbulent boundary layer over fully rough
k-type two-dimensional square bars at Rey = 8500. Similar to the studies of Tachie et al. (2000),
it was observed that the magnitude of the wake strength is increased by the roughness. In the
near-wall region, the contribution to the Reynolds shear stress fraction and the diffusion factors
were found to depend on the wall roughness conditions. In addition, the wall-normal velocity
component appeared to be more sensitive to the roughness effects. As with the previous studies,
u, was determined using the velocity profile matching method described in Krogstad et al. (1992).

Finally, Bhaganagar et al. (2004) performed a direct numerical simulation (DNS) of turbulent
channel flow between a smooth wall and a wall covered with regular three-dimensional “egg carton”
roughness elements at Re, = 400 at k* =5.4, 10.8 and 21.6. It was observed that when normalized
by the local u,, the u and w fluctuations were smaller while the v fluctuation was higher in the
inner layer for the rough-wall side. However, all three velocity fluctuations were a smaller fraction
of u, on the rough-wall side in the outer layer. On the other hand, the vorticity fluctuations were
not significantly altered by roughness in the outer layer.

Based on the evidence discussed above and summarized in Tables 1 and 2, for efforts questioning
wall similarity based on studies of zero-pressure-gradient boundary layers each had low §/k, values
(<15). As noted by Flack et al. (2005), these extremely low §/ks values can be interpreted as
relatively weak scale separation between the outer layer of the flow and the roughness which is
directly counter to the essence of the wall similarity hypothesis. In channel flows, where the flow is
constrained by opposing boundaries, the above-cited studies indicate that wall similarity will only
exist if both surfaces are rough.

=3



1.2.3 Impact of roughness on turbulence structure

While the previous section indicates the possibility of similarity in the outer-layer statistics of
rough-wall turbulence to its smooth-wall counterpart, this similarity does not imply that a struc-
tural similarity between these flows also exists. This section is dedicated to reviewing previous
studies regarding the impact of roughness on the structural foundation of wall turbulence. How-
ever, as a basis for this discussion, the body of knowledge regarding the underlying structure of
smooth-wall turbulence is summarized first.

Structure of smooth-wall turbulence

The results of many recent experimental and computational studies suggest that smooth-wall
turbulence is populated by hairpin vortices that tend to streamwise-align into larger-scale coherent
groups termed vortex packets both in the near-wall region as well as the outer layer. The phrase
“hairpin vortex” is used herein to describe both symmetric and asymmetric hairpin-, lambda- and
arch-like structures that are composed of either one or two streamwise-oriented legs connected to
a spanwise-oriented head whose rotation is of the same sense as the mean shear. These structures
are qualitatively consistent with the horseshoe vortex first proposed by Theodorsen (1952).

At low Re, Smith (1984) reported the existence of hairpin vortices and suggested an organized
alignment of these structures in the streamwise direction. Smith et al. (1991) later showed that
hairpin vortices can regenerate from an existing vortex. Similar organization and regeneration was
noted by Zhou et al. (1999) who studied the evolution of an initial hairpin-like structure in the mean
turbulent field of a low-Re channel via direct numerical simulation (DNS). Given sufficient strength
of the initial structure, multiple hairpin vortices were spawned both upstream and downstream of
the initial structure, creating a coherent train of vortices. The legs of vortices residing in the log
layer were commonly observed to extend below y* = y/y, = 60 (y. is the viscous length scale),
consistent with the near-wall quasi-streamwise vortex observations of Brooke & Hanratty (1992)
and Schoppa & Hussain (2000), among others. Zhou et al. (1999) also observed a preference for
asymmetric hairpins, with one leg often stronger than the other. The stereoscopic visualizations of
Delo et al. (2004) complement these efforts by providing three-dimensional views of this organization
at low Re. Their results highlight the contorted nature of the vortices that agglomerate to form
larger-scale structures and further support the coupling between ejections of low-speed fluid away
from the wall and the passage of large-scale motions.

Head & Bandyopadhyay (1981) observed ramp-like patterns at the outermost edge of a turbu-
lent boundary layer at higher Re and proposed these patterns to be the imprint of groups of hairpin
vortices inclined away from the wall. More recent particle-image velocimetry (PIV) measurements
at moderate Re in a turbulent boundary layer by Adrian et al. (2000) provide evidence that hair-
pin structures occur throughout the outer layer and streamwise-align to create larger-scale vortex
packets. The PIV data permitted visualization of this organization in the streamwise-wall-normal
plane within the interior of the boundary layer, showing that packets occur throughout the outer
region in a hierarchy of scales. This scale hierarchy is consistent with the mechanisms proposed
by Perry & Chong (1982), and Tomkins & Adrian (2003) provide direct evidence of spanwise scale
growth via merging on an eddy-by-eddy basis up to y* = 100 and propose scenarios by which this
scale growth might manifest itself for y* > 100. In addition, the efforts of Liu et al. (2001) and
Ganapathisubramani et al. (2003) underscore the important role these large-scale motions play in
log-layer transport processes.

When sliced in the streamwise-wall-normal plane, the heads of hairpin vortices appear as span-
wise vortex cores with w, < 0, where w, is the fluctuating spanwise vorticity (Spanwise vortices
for which w, < 0 are hereafter termed ‘prograde’ since their rotation is in the same sense as the



mean shear). The streamwise-aligned heads of hairpins within a packet form an interface slightly
inclined away from the wall, beneath which there exists a large-scale region of streamwise momen-
tum deficit collectively induced by the vortices. Of particular importance, this collective induction
generates large-scale ejections of low-speed fluid away from the wall which contribute significantly
to the Reynolds shear stress. Recent work by Wu & Christensen (2006a) found that the largest
populations of prograde spanwise vortices, most of which bear spatial signatures consistent with
hairpin heads, occur in the region y < 0.35. However, significant numbers of retrograde spanwise
vortices, positive w, cores, were also observed, with their largest populations noted at the outer
edge of the log layer. Observations of retrograde spanwise vortices have been reported by Falco
(1977), Falco (1983) and Falco (1991), among others, and their occurrence spatially-coincident to
prograde spanwise vortices in the outer layer of wall turbulence is often interpreted as the imprint
of ring-like structures. More recently, Klewicki & Hirschi (2004) reported observations of hairpin
vortices and retrograde structures clustered in the neighborhood of intense near-wall shear layers,
with the influence of retrograde structures increasing with Reynolds number. Finally, Natrajan
et al. (2007) performed a detailed investigation of the spatial signatures of outer-layer retrograde
spanwise vortices, particularly their propensity to occur spatially-coincident with prograde cores,
and reported that such patterns are also consistent with slicing through omega-shaped hairpin
structures. It should be noted that the existence of ring-like vortices is not inconsistent with the
hairpin-vortex model as the origin of ring-like structures in wall turbulence has been related to the
pinch-off and reconnection of the legs of existing hairpin structures (Moin et al., 1986; Smith et al.,
1991; Bake et al., 2002, for example).
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